
Message 

From: 

Sent: 
To: 

Ric Bowers [rlbowers@gsi-net.com] 
12/7/2021 7:04:03 PM 
Ric Bowers [rlbowers@gsi-net.com] 

Subject: Marginal Wells Study, preliminary draft report for advisory review 
Attachments: ATT00001.txt; 5140_Draft Project Report_PRELIM_7dec2021.pdf 

Hello all, 

Attached is a preliminary Draft Final Report for the DOE marginal well emissions project. As you have previously 

provided valuable input and feedback as part of the project advisory committee, we welcome your review of this draft 

and would greatly appreciate any feedback you wish to provide by Dec 17 (or earlier, please, if at all possible@) in 

order for us to deliver a final draft to DOE by Dec 31. 

With timing so tight, unfortunately, it won't be possible to have another TASC meeting. But please feel free to contact 

me directly with any question or concern, and we will try to address. 

Many thanks, as always, for all of your support on this project. 

Best regards, 

Ric 

Richard L Bowers, P.L BCEE 

Senior Associate Environmental Engineer 

GS! Environmental Inc 
%00 Great Hilb Trail, Suite 350E I Austin, Texas 78759 
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Message 

From: 

Sent: 
To: 

CC: 
Subject: 

Ric Bowers [rlbowers@gsi-net.com] 

9/10/2021 5:11:39 PM 
Weitz, Melissa [Weitz.Melissa@epa.gov] 
Julie Spencer [jaspencer@gsi-net.com] 
RE: Technical Advisory Committee Meeting - DOE Marginal Wells Emissions Study 

Thanks Melissa. Julie will follow up next week with the invite and connection details. 

Cheers, 
Ric 

From: Weitz, Melissa <Weitz.Melissa@epa.gov> 

Sent: Friday, September 10, 2021 7:07 AM 

To: Ric Bowers <rlbowers@gsi-net.com> 

Subject: Re: Technical Advisory Committee Meeting - DOE Marginal Wells Emissions Study 

Hello Ric, 

I'm interested in joining the call and in seeing the draft. 

Thank you! 

Melissa 

Sent from my iPhone 

On Sep 9, 2021, at 9:09 PM, Ric Bowers <rlbowers@gsi--neLc:om> wrote: 

Greetings all TASC members, 

I hope you are well and am pleased to report that, finally(!) this summer, our project team was 
able to complete the remainder of planned field campaigns for the DOE marginal wells 
emissions study. Many thanks to all of our project sponsors, team members, and participating 
host operators who made this possible. We are now processing and analyzing all the field data, 
including measured methane emissions from a diversity of marginal and non-marginal O&G 
production sites spanning the Appalachian, Midwest, Anadarko and Permian Basins, and Rocky 
Mountain regions. 

As before, we invite you to participate in a final web-based meeting of the project Technical 
Advisory Steering Committee (TASC) on Tuesday, Se1Hember 28, 11:00 a_n-1. - 12:30 pm 
CentrnJ. We will present preliminary results, findings, and statistics of the comprehensive field 
campaign dataset and discuss further pending analyses. In addition, we hope to have a second 
draft interim report (updated from last fall) available next week for your review and comment, if 
you'd like, in advance of the TASC call. 

We would greatly appreciate your input and feedback as we conduct final data analyses and 

prepare a draft final report this fall. 

Please reply and let us know if you, or someone else in your organization, are interested in 
participating. We will follow up with a calendar invite and details for joining our call. 

ED_013318_00000010-00001 



We look forward to your participation. Please feel free to contact me with any questions. 

Best regards, 

Ric Bowers 

Principa I Investigator 

GS! Environmental ine, 
Austin, Texas 

Te I. i Ex. 6 Personal Privacy (PP) ! 
L·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·i 
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Appointment 

From: 

Sent: 

Halpern, Rachel [rachel.halpern@hq.doe.gov] 

8/24/202112:54:57 PM 
To: Reinhardt, Timothy [timothy.reinhardt@hq.doe.gov]; Freitas, Christopher [christopher.freitas@hq.doe.gov]; 

Sweeney, Amy [amy.sweeney@hq.doe.gov]; Alpert, Alice [AlpertA@state.gov]; Weitz, Melissa 
[Weitz.Melissa@epa.gov]; Fernado Rodriguez (rodriguezalvezfn@state.gov) [rodriguezalvezfn@state.gov] 

CC: Easley, Kevin [kevin.easley@hq.doe.gov]; Lee, Marcus D [LeeMD@state.gov]; Jensen, Emily H [JensenEH@state.gov]; 
McGlaughlin, Evan [McGlaughlinE@state.gov]; Henry, David A [HenryDA@state.gov]; Massengill, Lynn E 
[MassengillLE@state.gov]; DeParis, Frank [DeParisF@state.gov]; Beatty, Samuel [samuel.beatty@hq.doe.gov]; 
Dobson, Natenna [natenna.dobson@hq.doe.gov]; Thomas-Kerr, Elena [elena.thomas-kerr@hq.doe.gov]; Heullant, 
Jennifer [jennifer.heullant@hq.doe.gov]; Hernandez, Nathan [nathan.hernandez@hq.doe.gov]; Woodhouse­
Ledermann, Kathleen D [WoodhouseLedermannKD@state.gov]; Lovell, James W [LovellJW@state.gov]; Wood, Alex 
[alex.wood@hq.doe.gov]; Ruble, Isabella E. (CONTR) [isabella.ruble@hq.doe.gov] 

Subject: Methane emissions discussion with DOE and State 
Attachments: CF methane briefing for State Dept Aug 2021.pdf; Briefing on DOE Methane Programs agenda.docx 
Location: 

Start: 

End: 

Microsoft Teams Meeting 

8/24/20215:00:00 PM 
8/24/2021 6:00:00 PM 

Show Time As: Tentative 

Recurrence: (none) 

_Agenda and presentation 
attached. _____________________________________ _ 

Microsoft Teams meeting 

Join on your computer or mobile app 
Click here to ioin the meeting 

Or call in (audio only) 

+ 1: Ex. 6 Personal Privacy (PP) i United States, Baltimore 
········1 _____________________________________________________________ 1 

.--·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·· 
Phone Conference ID: I Ex. 6 Personal Privacy(PP) I 

i..·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-i 

Find a local number I Reset PIN 

leatTl IV1rn·e I Meetina ootions 
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The Department of Energy's Methane Quantification and Mitigation Programs 

Discussion with Department of State 

August 24, 2021, 1:00- 2:00 PM 

Microsoft Teams Login to be provided 

Agenda 

Welcome and Introductions 

Rachel Halpern, DOE Office of Oil and Natural Gas, Director of the Division of Analysis and 

Engagement 

Methane Emissions Quantification and Mitigation Research at DOE 

Christopher Freitas, DOE Senior Program Manager for Natural Gas Infrastructure R&D 

State Department Viewpoint on International Initiatives to Advance Emissions Measurement, 

Reporting, and Verification 

Alice Alpert, PhD, Foreign Affairs Officer, Bureau of Oceans, Environment, and International 

Scientific Affairs 

Evan McGlaughlin, Program Manager, Office of Energy Projects, Bureau of Energy Resources 

Discussion 
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Message 

From: 

Sent: 
To: 
Subject: 
Attachments: 

Hi Melissa, 

Ciferno, Jared [jared.ciferno@hq.doe.gov] 
5/15/2022 6:58:04 PM 
Weitz, Melissa [Weitz.Melissa@epa.gov] 
RE: is the marginal well study out yet? thanks! 
DE-FE0031702_Fina1Report_28apr2022.pdf 

The report was finalized a few weeks ago an submitted to OSTI with a "confirmed" receipt .... however, there were issues 

with the report upload that GSI and NETL are working out right now with the OSTI staff. 

Attached is the final report that was submitted a few weeks ago. Based on the email trail that I've been following, I 

suspect that this should be available for download sometime this week. 

Thank you, 

Jared 

From: Weitz, Melissa <Weitz.Melissa@epa.gov> 

Sent: Monday, May 9, 2022 3:15 PM 

To: Ciferno, Jared <jared.ciferno@hq.doe.gov> 

Subject: [EXTERNAL] is the marginal well study out yet? thanks! 

******************************************************************** 
This message does not originate from a known Department of Energy email system. 

Use caution if this message contains attachments, links or requests for information. 

******************************************************************** 
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1.0 EXECUTIVE SUMMARY 

1.1 Background 

GSI 
ENVIRONMENTAL 

There are over 990,000 oil and natural gas wells in the U.S., of which approximately 783,000 (79 percent) 

are considered "marginal" in terms of their profitability to operators, or low production, defined as 

producing less than 15 barrels of oil equivalent (BOE) per day of combined oil and natural gas. Marginal 

wells are a significant source of energy for the U.S., currently accounting for 7 to 8 percent of total oil and 

gas production (EIA, 2020). In 2018 and 2019, the five states with the largest reported numbers of 

marginal gas wells were Texas, Pennsylvania, West Virginia, New Mexico, and Oklahoma, and the five 

states with the most reported marginal oil wells were Texas, Kansas, California, Oklahoma, and Louisiana 

(EIA, 2020). 

In recent years, stakeholders have expressed disparate views regarding whether marginal well sites should 

be subject to or exempt from fugitive emissions monitoring and associated details of the U.S. 

Environmental Protection Agency's New Source Performance Standards (NSPS, 40 CFR Part 60, Subpart 

OOOOa), which regulate fugitive emissions from new and modified oil and natural gas facilities. Many 

independent oil and gas producers contend that potentially expensive leak detection and repair (LDAR) 

requirements could affect all producers but will, in particular, affect small oil and gas operators of marginal 

wells, with an associated economic impact. Environmental interests have reasoned that frequent 

monitoring of emissions from marginal production is necessary for the U.S. to achieve critical methane 

emission reductions. Despite points of disagreement, stakeholders have generally agreed there is a critical 

need for a substantial body of nationally representative data on marginal well emissions and associated 

activity factors to support future decisions and rulemaking on this important issue. 

1.2 Study Objective and Approach 

This project commenced in March 2019 under an Assistance Agreement with the U.S. Department of 

Energy (DOE) National Energy Technology Laboratory (NETL), with supplemental cost share provided by 
oil and gas industry partners. The objective of this research was to measure methane emissions from 

marginal well sites at various basins across the United States. The goal was to collect and evaluate 

representative, defensible, and repeatable data and draw quantifiable conclusions on the extent of 

emissions from marginal wells across oil and gas producing regions of the U.S., and to compare these 

results to published data on the emissions from nonmarginal wells. A Technical Advisory Steering 

Committee that included stakeholder representation from industry, federal and state regulatory agencies, 

non-government organizations, and academia was engaged to provide input and feedback on key project 

activities. The scope of work primarily consisted of the major tasks summarized below, each described 

further in the main body of this report. 

1.3 Regional Field Campaigns 

Employed Procedures: Field site selection and all field activities were performed in accordance with 

procedures detailed in Regional Field Workplans (GSI, 2019b, 2020). Facilities were selected for 

measurement using geographically clustered, random sampling. All gas emissions were detected using an 

optical gas imaging camera and quantified, where possible, using a Bacharach Hi-Flow sampler in 

conjunction with gas composition-specific analyses or downwind measurement methods. 
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Visited Field Sites: Overall, 589 oil and gas production sites were visited in coordination with 15 

participating host operators, who in addition to direct access to perform emission screening and 
measurements, provided valuable activity data. Among visited sites, 524 exhibited marginal production 

at an average rate of 2.5 BOE per day of combined oil and natural gas. Sitewide production or throughput 

was nonmarginal at 65 sites (approximately 11% of the total visited), where production ranged from 15 

to 2100 BOE per day. The relatively small size, low equipment counts, and ease of accessibility of most 

emission sources led to complete screening at all visited sites and complete measurements of most 

observed emissions. Besides emissions screening and measurements, detailed activity data, including 

major equipment counts and oil and gas production rates, were documented at each visited site. 

Frequency and Magnitude of Detected Emissions: On a sitewide basis, no emissions were detected at 

approximately 55% of visited natural gas production sites and approximately 60% of visited oil production 

sites. Overall, emission rate measurements across the entire study exhibit the long-tail behavior 
commonly observed in air emissions studies. Figure El provides additional perspectives on the relative 

extent and magnitude of methane emissions among key subpopulations of sites. These plots compare 

distributions of estimated sitewide methane emissions among site populations distinguished by main 

product (natural gas vs. oil) and region. Approximately 90% of the observed methane emissions were less 

than 16 standard cubic feet per hour (scfh; 0.25 kg/h or 2.4 tons per year [TPY]), and 95% of the observed 

emissions were less than 38 scfh (0.60 kg/h, 5.8 TPY). Study wide, the top 10% of emitting sources 

contributed 90% of the total methane emissions observed. The ten largest observed sources, each 

emitting between 100 and 780 scfh of methane (1.6-12 kg/h, 15-120 TPY), accounted for 2% of the total 

measured emissions. 

Equipment-Specific Emissions: Separators, wellheads, and tanks were by far the most common equipment 

encountered for all types of sites and exhibited the largest volumes of emissions. Section 5.3 of this report 

summarizes the types and numbers of all major equipment encountered at the visited sites, the frequency 
and magnitude of detected and measured emissions, and applicable emission factors for emitting 

equipment and full populations of observed equipment consistent with emission factors used in the EPA's 

Greenhouse Gas Reporting Program (GHGRP). 

1.4 Data Analyses 

Exploratory Data Analyses: Statistical exploratory data analyses were performed on the results of the 
regional field campaigns to identify and assess the significance and strength of correlations among key 

site metadata and the frequency and magnitude of detected whole gas and methane emissions. These 

analyses indicate that sitewide methane emissions from oil and gas well sites are most strongly correlated 

with main product type, major equipment counts, and total oil and gas production rate. No other factors, 

including geologic basin, geologic region, size, age, well type, etc. were found to be as or more strongly 

associated with frequency and magnitude of sitewide methane emissions. 

Among visited field sites, both the frequency of detected emissions and magnitude of methane and whole 

gas emission rates are most strongly correlated with the sitewide count of major equipment and weakly 
correlated with site total oil and gas production rate. The frequency of separator emissions is strongly 

associated with the number of phases of the separator (two or three) in addition to site production rate. 

Only weak associations were found between emission detection frequency and evaluated characteristics 

of tanks and wellheads. 
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Figure El. Distribution of observed sitewide and equipment-specific methane emissions among visited site subpopulations. 
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Production Site Category Emission Profiles: Based on the relative frequency and magnitude of methane 

emissions observed across all sites visited in the regional field campaigns, applicable emission factors were 
developed for each of 22 site categories defined and parameterized based on three key distinguishing 

factors: predominant production type (oil or gas), total oil and gas production rate, and site "size" defined 

in terms of the total count of major equipment. The upper chart in Figure E2 summarizes the number of 

visited field sites in each category together with related values on the frequency of detected and 

measured emissions. The lower chart in Figure E2 summarizes values of two alternate forms of applicable 

population average emission factors for each site category, one based on absolute emissions per site (left 

side axis, units of TPY /site) and the other normalized per the total corresponding site oil and gas 

production (right side axis, units of ton/MBOE). 

It is important to recognize that the results of this study correspond only to emissions observed at the 

time of each site visit and do not include episodic high emission events, such as liquids unloading or 
manual liquids removal, which were not a key focus of this study and were not observed during the visit 

to any site. Study-wide, host operators reported that liquids unloading events occurred with varying 

frequency at 118 of the visited sites. 

Relative Magnitude and Extent of Production-Related Methane Emissions: For comparative purposes, 
state-specific and nationwide estimates of total methane emissions from marginal vs. nonmarginal oil and 

gas production were developed based on published statewide well counts and production data in 

combination with key results of this study, including operator-provided activity data from the initial 

desktop study, the frequency of emissions from key sources, and the magnitude of such emissions based 

on collected measurements. These estimates account for a wide range and diversity of field conditions, 

site characteristics, production and equipment types, operational processes, and both permitted and 

fugitive emission sources observed and documented "as is, where is" at the marginal and nonmarginal 

production sites visited in the regional field campaigns. 

Using both types of average population emission factors shown on Figure E2 for each of 22 discrete 

categories of production sites, total annual methane emissions were estimated for each oil and gas 

producing state in the U.S., based on i) the total number of sites in each category times a site count-based 

emission factor and ii) the total oil and gas production from sites in each category times a production­

based emission factor. Considering the combined effects of the multiple sources of uncertainty, Monte 

Carlo simulations were performed to derive reasonable central, lower, and upper estimates for each state­
and category-specific total emission calculation. The resulting annual emission estimates were then 

summed to yield total statewide and nationwide estimates for key site populations of interest, including 

marginal vs. nonmarginal gas wells and marginal vs. nonmarginal oil wells. These results are summarized 

on Table El and in Figure E3. 

The results of this study suggest that i) marginal oil and gas production in the United States may account 

for approximately 1 million (±140,000) tons per year (TPY) of "every day" methane emissions, as were 

observed in the regional field campaigns, ii) marginal gas production accounts for an estimated 60% 

(±10%) of emissions from U.S. natural gas production, and iii) marginal oil production accounts for an 

estimated 40% (±10%) of emissions from U.S. oil production. 
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Table El. Relative Estimated Methane Emissions from Marginal and Nonmarginal O&G Production 

Natural Gas Production 

Marginal 420,000 78% 4.6E+8 7% 640,000 ±80,000 0.58 ±0.08 59% ±12% 1.5 ±0.2 1.4 ±0.2 

Nonmarginal 120,000 22% 5.8E+9 93% 450,000 ±170,000 0.41 ±0.16 41% ±12% 3. 7 ±1.4 0.077 ±0.030 

total gas 540,000 100% 6.2E+9 100% 1,090,000 ±260,000 0.99±0.23 100% 2.0±0.5 0.18±0.04 

Oil Production 

Marginal 363,000 80% 3.2E+8 8% 360,000 ±50,000 0.33 ±0.05 37% ±9% 1.0 ±0.1 1.1 ±0.2 

Nonmarginal 88,000 20% 3.9E+9 92% 610,000 ±150,000 0.55 ±0.14 63% ±9% 7.0 ±1.7 0.16 ±0.04 

total oil 451,000 100% 4.2E+9 100% 970,000 ±210,000 0.88±0.19 100% 2.2 ±0.5 0.23 ±0.05 

Combined Oil & Gas Production 

Marginal 783,000 79% 7.7E+8 7% 1,000,000 ±140,000 0.91 ±0.13 49% ±11% 1.3 ±0.2 1.3 ±0.2 

Nonmarginal 208,000 21% 9.6E+9 93% 1,060,000 ±320,000 0.96 ±0.29 51% ±11% 5.1 ±1.6 0.11 ±0.03 

total oil & gas 991,000 100% 1.0E+10 100% 2,060,000 ±460,000 1.87 ±0.42 100% 2.1 ±0.5 0.20 ±0.04 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Regionally, the Appalachian Basin appears to generate the largest volume of marginal production-related 

methane emissions from any single geologic basin, with an estimated 290,000 TPY coming from 

Pennsylvania, West Virginia, and Ohio, New York, Maryland, and Virginia representing 29% of methane 

emissions from US marginal oil and gas production. Texas, Oklahoma, and New Mexico, which encompass 

the Permian Basin plus large parts of the Anadarko, San Juan, and other basins, together emit an 

estimated 380,000 TPY of methane. 
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Figure E3. Relative estimated methane emissions from marginal and nonmarginal O&G production. 
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2.0 PROJECT OVERVIEW 

2.1 Background 

GSI 
ENVIRONMENTAL 

There are over 990,000 oil and natural gas wells in the U.S., of which approximately 783,000 (79 percent) 

are considered marginal in terms of their profitability to operators, or low production, defined as 

producing less than 15 barrels of oil equivalent (BOE) per day of combined oil and natural gas. Similarly, 

wells producing less than 10 BOE per day are commonly referred to as "stripper wells". Marginal wells 

currently account for 7 to 8 percent of total U.S. oil and gas production (EIA, 2020; IOGCC, 2016). 

G;;:1, :Ji!,. 
120:0-Jj, 32,(>",):), 

J-1% gt-A, 

Non, 
:~i«rg!~i! 

(;;;~, 5,&?;), 
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Figure 1. Current estimated US marginal well population and production. 

In recent years, stakeholders have expressed disparate views regarding whether marginal production 

operations should be subject to or exempt from fugitive emissions monitoring and associated details of 

the U.S. Environmental Protection Agency's New Source Performance Standards (NSPS, 40 CFR Part 60), 
which regulate fugitive emissions from oil and natural gas facilities. (Subpart OOOOa and proposed 

Subpart OOOOb apply to new, modified, or reconstructed sources, and proposed Subpart OOOOc will 

apply to existing sources.) Industry research has found that expensive LOAR requirements could preclude 

potentially decades of continued production from many marginal wells, whose limited profitability 

already depends on the fluctuating oil and gas market (IOGCC, 2016; Bluestein, 2015). Despite their 

relatively low production volume, limited earlier research suggested that marginal gas production may be 

responsible for over 50% of all methane emissions from the U.S. natural gas production segment (Omara 

et al., 2018). 

2.1.1 Federal Regulation of Fugitive Emissions from Oil and Natural Gas Production 

The EPA first required semiannual leak monitoring at marginal production sites in June 2016, with 
amendments to the NSPS, Subpart OOOOa, to reduce fugitive methane emissions from new and modified 

oil and natural gas facilities. In 2017, EPA granted reconsideration on the applicability of the fugitive 

emissions requirements to low production well sites. In 2020 EPA rescinded fugitive monitoring 

requirements for marginal well sites and retained semiannual monitoring for nonmarginal wells. The EPA 

released information on newly proposed methane emissions regulations on November 15, 2021. 
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Regulations in several states appear to incorporate federal NSPS requirements by reference. These include 

Kansas, Oklahoma, and West Virginia. In April 2018, during NSPS rulemaking, the EPA analyzed and 

summarized the requirements of various state fugitive emissions programs for well sites. They compared 

each state program's requirements to proposed revisions to the NSPS for the oil and natural gas sector 

(EPA, 2018). This analysis revealed many complexities and nuances of the state programs, which made 
them very difficult to compare qualitatively. While many differences were noted, EPA concluded that the 

fugitive emissions requirements related to monitoring, repair, and record keeping for California, Colorado, 

Ohio, Pennsylvania, Texas, and Utah were "equivalent" to those of the NSPS amendments proposed at 

the time. EPA noted it was unable to determine the equivalency of requirements in Montana, New 

Mexico, North Dakota, and Wyoming. 

In response to EPA's findings, analysts with the Environmental Defense Fund performed an independent 

comparison in addition to a quantitative analysis accounting for (among other factors) differences in the 

required timing to repair detected leaks to assess the efficacy of state LOAR requirements to meet 

specified target methane emissions reductions relative to requirements of both the 2016 NSPS and 2018 

proposed amendments. Based on their analysis, they concluded that the existing programs in California 

and Colorado would outperform the 2016 NSPS requirements in achieving methane reductions, and only 

these states plus Ohio would outperform requirements of the 2018 proposed amendments (McVay and 

Roberts, 2018). 

2.2 Study Objective and Approach 

The objective of this research is to measure methane emissions from representative marginal well sites 
at various basins across the United States. The goal is to collect and evaluate representative, defensible, 

and repeatable data and draw quantifiable conclusions on the amount of emissions from marginal wells 

across oil and gas producing regions of the U.S., and to compare these results to published data available 

on the emissions from nonmarginal wells. The major sections of the scope of work are summarized below. 

• Data Source Status Assessment and Master Workplan: At the onset of the project, key data gaps 

were identified based on a thorough review of published sources and partially addressed by 

information derived from a survey of oil and gas well operators for representative production site 

data across the U.S. This information guided development of a master workplan to establish and 

document necessary site and technology selection criteria and the overall approach for field data 

collection, evaluation, and reporting. 

Data for over 80,000 marginal wells were collected in the initial operator survey, 17% of which 

represented oil wells and 83% gas wells. These numbers equal about 4% of the marginal oil wells 

and 16% of the marginal gas wells in the U.S. reported by EIA (2020) and IOGCC (2016). Survey 

responses covered most regions of the country where marginal wells are reported, with notable 

exceptions being California (where over 40,000 marginal oil wells are reported by EIA) and eastern 

portions of the Gulf Coast Basin (nearly 8,000 wells in Mississippi and Alabama). Also of note, 

responses for New Mexico only represented wells in the Permian and not the San Juan Basin (Four 

Corners area), and responses for Arkansas only represented gas production and no oil production. 

Overall oil and gas production rates from the operator survey averaged, overall, 1.9 bpd of oil and 

13.6 MCFD for gas, which compare very favorably to the average production rates of 2.0 bpd and 

13.5 MCFD, reported by IOGCC (2016), and estimates of 2.4 bpd and 17.9 MCFD, based on more 
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recent data from EIA (2020). This suggests the survey data are, in general, representative of national 
trends with respect to production. 

• Regional Field Campaigns: Between October 2019 and June 2021, methane emissions were 

screened and measured, where detected, at 524 marginal and 65 nonmarginal oil and gas 

production sites across multiple U.S. regions and geologic basins. The ultimate objective of these 

campaigns included capturing the variability and diversity of both physical and operational 
conditions, especially in areas with large numbers or a high density of marginal wells, or where 

marginal wells account for a substantial percentage of regional production. 

• Data Processing, Analysis and Reporting: Exploratory and statistical data analyses of the 

comprehensive study dataset were performed to identify key groupings of sites in the studied 

regions and their distinguishing characteristics and emission profiles. Results were applied to 

establish site populations to extrapolate and compare nationwide and regional/state-specific 

estimates of total methane emissions from marginal vs. nonmarginal oil and natural gas production 

sites across the U.S., including regions not visited in the regional field campaigns. 

3.0 REGIONAL FIELD CAMPAIGNS 

All of the regional field campaigns were conducted between October 2019 and June 2021, including 

emissions screening and measurements by scientists with GSI and the Colorado State University (CSU) 

Energy Institute using the METEC mobile laboratory (see https://energy.colostate.edu/metec/ ). Based on 

the frequency of marginal well sites reported in the earlier operator survey responses, the field campaigns 

were designed to prioritize locations with dense populations of marginal well sites. 

3.1 Visited Field Sites 

Overall, 589 oil and gas production sites were 

visited in coordination with 15 participating host 

operators, who in addition to direct access to 

perform emission screening and measurements, 

provided valuable activity data. Site visits were 

performed in the Appalachian, Forest City, and 

Illinois Basins, collectively referred to as the 

"Eastern US" in subsequent descriptions, and the 

Anadarko, Permian, Piceance, and Upper Green 
River Basins, collectively referred to as the 

"Western US" in subsequent descriptions. Field 

site selection and all field activities were 

performed in accordance with procedures 

Figure 2. General locations and times 
of regional field campaigns. 

detailed in regional field workplans (GSI, 2019b, 2020). Regulatory compliance was demonstrated through 

the issuance of all necessary permits and National Environmental Policy Act (NEPA) approval. 

Over the course of the field campaigns, a diversity of well design, product separation, and storage 

configurations encountered contributed to an evolving definition of a "site", with the focus being on 

collecting data from localized clusters of equipment in close proximity and specifically related to 

production of a previously identified target wellhead. Thus, a site could include multiple wellheads, while 
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other sites could contain production-related equipment only, such as locations where separation was 
performed at a central tank battery servicing multiple wells. Such sites were classified as marginal if the 

total production for all wells sending product to the battery was <15 BOE/d. Figure 3 shows the 
distributions of total site production rates among visited "natural gas sites" and "oil sites". The 

classification of a given site was determined simply by the predominance of either oil or gas production 

in terms of BOE per day. 

Stwdy-wlde Distribution of Site Oil ;and Gas Production 

1111-.-. 
Tota! oil &. gas production rate (boe/d) 

Figure 3. Study-wide distribution of oil and gas production at visited sites. Sites with total production 
<15 BOE/dare considered marginal. 

3.2 Field Site Selection 

Field sites were selected for measurement using geographically clustered, random sampling. While actual 
field sites were chosen at random, the initial selection of candidate site clusters was iterative and, to the 

extent practical, sought to reasonably represent the larger regional and national populations of marginal 

production sites, maximize the number of facilities visited, and minimize potential biases. 

Prior to embarking on each field campaign, target clusters of candidate sites were selected by the research 

team from region-wide lists provided by each host operator or obtained independently by the research 

team from a publicly available database. With all operators, candidate site identification was a 

cooperative and collaborative process largely driven by the research team; therefore, any potential for 

bias due to so-called volunteer effects is considered low. In the case of large operators, regional candidate 

site lists included hundreds or, in some cases, many thousands of potentially accessible locations. These 
were provided by company database managers rather than site managers or environmental personnel. 

Per agreement with every host, the research team understood all candidate site lists to be fully 

representative of each operator's marginal production assets in each target region and, most importantly, 
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that the operator would neither limit nor direct access to potential field site in any way that could bias 
the results of this study. 

Each day of field sampling was dedicated to a specific cluster of 

sites with a specific operator. Daily short lists of target field sites 

were chosen at random by the field team no more than a day in 

advance of being visited for emissions screening and 

measurement. This tiered and randomized approach to site 

selection sought to ensure the integrity of the study results by 

providing minimal advance notice to operators as to which sites 

would be visited. 

Figure 4. Daily site selection example. 
"A", "B", and "C"-sites (red, green, and 
blue dots, respectively} were chosen at 
random for measurement. Measured 

sites are noted with red circles. 

For clusters with more sites than could be visited in a day, the 

following strategy was used. Sites were randomly selected and 
rank-ordered as "A", "B", or "C"-sites, which correspond to red, 

green, and blue dots, respectively, as shown in Figure 4. A-sites 
were the preferred sites to be visited, then B-sites. C-sites were 

generally not visited. In rare cases, exceptions were made to this 

strategy for logistical reasons. For example, if there was time to 
visit one more site in a day and the next A-site on the list was an 

hour drive away, a nearby B-site would be visited oppurtunistically to maximize the number of site visits 

for that day. For clusters with fewer sites, all sites within the cluster were screened. 

3.3 Emissions Screening and Measurement 

The field investigation team was equipped with a 

variety of equipment and instrumentation, 

deployed using various methods, to detect and 
quantify methane emissions typical of oil and gas 

operations. Optimal screening and measurement 

methods were chosen at each site to best capture 

emissions, considering site-specific circumstances, 

instrumentation or method limitations, and 

operator safety. All gas emissions were detected 
using an Opgal "Eye-C-Gas" 2.0 optical gas imaging 

(OGI) camera and quantified, where possible, using 
a Bacharach Hi-Flow Sampler (BHFS) that was 

specially modified to enable canister samples to be 

drawn from the inlet flow stream, as shown in 

Figure 5. 

Figure 5. Emissions identified using OGI 

and quantified by BHFS. 

Canister samples were drawn for a subset of Hi-Flow measurements and were analyzed for gas species 
composition by a third-party laboratory. Canister samples were taken for 249 of 460 Hi-Flow 

measurements to provide insight into typical gas compositions and provide a means for correcting Hi-Flow 

sensor response variation due to gas composition changes from calibration gas. Multiple samples were 

not drawn for measurements with a common (or similar) source or if the gas composition did not change 

at the facility. Instead, the first sample drawn was considered representative. For example, multiple 
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emissions on a common gas feed would rely on the same gas composition sample for correction. Multiple 
samples were taken when the gas composition was expected to differ significantly. For example, an 

emission on a wellhead and a tank would require two samples. Further details of the procedure to derive 

corrected whole gas, methane, and VOC emission rates relative to BHFS instrument readings in the field 

are discussed in Appendix A. 

Additionally, with the METEC mobile laboratory, downwind techniques were available to quantify 

emissions not suitable for direct measurement with the BHFS, such as due to inaccessibility, high 

magnitude, or gas composition. Downwind measurements were used to measure large emissions, such 

as from a tank battery, or where the H2S content of the field gas presented a safety concern and prevented 

an attempt at direct measurement. The OTM33a or tracer methods were utilized to quantify 39 emissions 

which would not have otherwise been measurable due to their size or accessibility. For each of these 
emissions, only methane was quantified due to the capabilities of the method. Details of the procedures 

to collect and analyze downwind measurements are discussed in Appendix A. 

Among 614 discrete emissions observed at 253 sites, a total of 112 emissions detected at 77 sites were 

not successfully measured due either to i) malfunctions of the measurement equipment, ii) the emissions 

not being safely accessible and too small to measure with downwind techniques or, iii) in one case, a host 

escort closing an open valve before the emission could be measured. All emissions that were identified 

but not measured are noted and flagged in the field data measurement results. Upon review of the field 

notes, an additional 13 field measurements with the high flow sampler did not satisfy applicable quality 

control criteria and were disqualified from use. 

Based on OGI recordings of the unquantified emission sources and general observations of the site and 

equipment operations, these emissions appeared to be "typical" and are expected to fall within the 

distribution of other observed and measured emissions from comparable emission sources, as 

characterized in this study. Consequently, for purposes of evaluating statistical population distributions 

and completeness in estimating values such as total sitewide emissions, detected but unmeasured 

emissions were accounted for and represented, where needed, by the median emission rate for the 

corresponding type of equipment in the same U.S. region and, where possible, the same component type. 

For example, if no qualified measurement is available for an emission observed from a valve on a 

separator in West Virginia, that emission was represented, as needed, in subsequent analyses by the 

median of all qualified measurements of valve emissions from separators elsewhere in the Eastern US. 

3.4 Site Activity Data Collection 

Detailed activity data was documented at each visited site, including oil and gas production rates, major 

equipment counts, and a general functional description of site processes and activities. Additional data 

pertinent to understanding any individual measurement, including weather and operating conditions at 

the time of sampling, and the type and level of fluids in tanks, etc., were also recorded to the extent 

available. 

During each site visit, the host operator representative (usually the site pumper) escorting the sampling 
team was also "interviewed" to characterize the nature and representativeness of conditions observed 

during the visit versus at other times, i.e., the expected variability in site conditions with respect to the 

potential for site emissions. Due to many variations in site layouts, production methods, and equipment 

types, the host escorts proved invaluable in assisting the field team to recognize and understand many 

nuances in site conditions and in identifying many different types of equipment, specific components, and 
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relationships among sites, such as product flow from one well pad to a tank on another well pad. Most 
host operators provided production rate data for each visited site; however, in some cases none was 

provided or was independently obtained by the research team for a period including up to 1 year prior to 

the time of the field visit. 

4.0 DATA PROCESSING AND ANALYSIS 

Upon completion of each field campaign, all collected field notes, photos and recorded OGI video, 
operator-provided activity data, and emissions measurement data were compiled, archived, checked, and 

synthesized into a comprehensive project database. Photos and videos from the OGI camera were 

reviewed to verify the equipment and component type assigned to each emission. All database entries 

were double checked for accuracy, and all emissions measurements were validated, assessed for usability 

for further analysis, and either accepted or rejected in accordance with applicable quality 

assurance/quality control (QA/QC) criteria. 

Data analyses were performed on the complete regional field campaign dataset to identify and compare 

potentially distinct populations of marginal/low producing oil and gas production sites in the studied 

regions with regard methane emissions and their distinguishing characteristics and emission profiles. For 

statistical analyses, all data variables were evaluated as either numeric, categorical, or both. For example, 

in addition to considering exact counts of specific types of equipment as strictly numerical variables, a 

categorical proxy of site "size" (small, medium, large, etc.) in terms of total major equipment counts 
facilitated evaluation of a wider range of variable site conditions. Similarly, a series of oil and gas 

production rate bins was utilized and evaluated as a categorical variable in an effort to reduce the effects 

of potential unknown inaccuracies or uncertainties in reported production rates. Through the course of 

exploratory and subsequent data analyses, some of the data were iteratively grouped, divided, and 

regrouped into relevant categories and subcategories in efforts to identify, characterize, or distinguish 

significant relationships or findings among the emissions and activity data. 

4.1 Exploratory Data Analysis 

Statistical exploratory data analyses sought to identify and assess the significance and strength of possible 

correlations among: 

i) Key metadata associated with various characteristics and conditions associated with each visited 

site, detected and measured emissions, observed equipment, and operational conditions, as 

documented in the regional field campaigns. 

ii) the frequency of detected emissions among visited sites and observed equipment. 

iii) the magnitude of qualified methane emissions measurements. 

For exploratory purposes, the field site and emissions measurement data and related metadata were 

sorted, grouped, and evaluated according to two principal subsets: sitewide emissions and equipment 

specific emissions. Key site factors included the main product type (oil or gas), production rates of oil, gas, 

and water, frequency of operations, major equipment counts, well or equipment age and condition, 

region, and operator. A Spearman's Rank Correlation was used to assess correlations between numeric 

variables, and a Chi-Squared Test or a Fisher Test (depending on the sample size of the compared dataset) 

was used to assess the independence of categorical variables. In each case, a p-value of 1% was selected 
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to reject the null hypothesis that any two compared variables are independent. In other words, any test 
with a p-value less than or equal to 1% indicated the compared variables are not independent and, thus 

are associated or potentially correlated. For interpretation, the relative strength of association among 
variables compared using either method was characterized consistently on a scale of Oto 1 as weak (0.0-

0.39), moderate (0.40-0.59), or strong (0.6-1.0) based on the Spearman rank order coefficient (rho) or, for 

Chi-Squared tests, a normalized primary test statistic. Results of these analyses are discussed in the 

following section, and additional details on related data evaluation procedures, criteria, and results are 

presented in Appendix B. 

4.1.1 Sitewide Emissions Analysis 

Analyses of sitewide emissions separately considered the detection of one or more emissions at any type 

of equipment, the frequency of emissions expressed as the number of detected emissions divided by the 

total pieces of equipment at a site, and the total magnitude of methane and whole gas emissions at all 

sites where 100% of detected emissions were successfully quantified. Importantly, the analysis of site 

emission detection frequency did not look solely at the absolute emission count (i.e., where one would 

logically expect the presence of more equipment to correlate with a higher frequency of emissions.) The 

factors most strongly correlated with sitewide methane emissions are discussed in Section 5.2.1. 

4.1.l Equipment Emissions Analysis 

Evaluation of equipment emissions specifically focused on the three most prevalent types of equipment 
encountered: wellheads, separators, and tanks, which in all of the studied regions were fairly ubiquitous 

among both oil and gas well sites. These also represent the largest and most frequently observed sources 

of emissions in all regions. At gas well sites, only meters were encountered with a similar frequency; 

however, those exhibited relatively few emissions (<3% frequency study wide). Factors considered for 

wellheads, separators, and tanks included host operator, site production status (active, inactive, shut-in, 

etc.), basin/region, primary product, oil and gas production rates, and production frequency. Other factors 

were specific to the equipment characteristics. Tank emissions were evaluated against the quantity of 

hatches and vents, whether tank vents were atmospheric or pressurized, and the fluid level of the tank 

while onsite (fullness). Wellhead emissions were evaluated against variables such as the presence of 

casing vents, well age, well depth (where pressure of the production formation could relate to casing head 

pressure), artificial lift type, and whether the well was producing brine. Separator emissions were 

evaluated against variables such as separator age, the number of phases it was designed to separate, 

maximum design pressure, and operational pressure. 

4.2 Emissions-Based Site Category Characterization/Classification 

As part of the initial desktop study, a series of site characteristics likely to contribute substantially to 

overall site-level methane emissions was identified, and related classification criteria were defined to 

support site selection for the regional field campaigns. These were intended to capture the variability of 

characteristics encountered among low producing oil and gas well sites throughout the continental US in 

terms of main product, total oil and gas production rate, and site "size" defined in terms of a total count 
of major equipment. 

As discussed further in the next section, analysis of the results of the regional field campaigns and 

subsequent data analysis indicate that sitewide methane emissions from oil and gas well sites are indeed 

most strongly correlated with main product type, major equipment counts, and production rate. No other 
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factors, including geologic basin, geologic region, size, age, well type, etc. were found to be as or more 
strongly associated with frequency and magnitude of sitewide methane emissions. Based on the relative 

frequency and magnitude of methane emissions observed across all sites visited in the regional field 

campaigns, with respect to sitewide emissions the results of this study were evaluated in terms of 

classification categories defined and parameterized as shown on Table 1. 

Table 1. Production Site Classification Criteria for Methane Emissions Characterization and Estimation 

Main Product Natural Gas Oil 

Production Rate (BOE/day/site) 0-2 >2-6 >6-15 >15 (nonmarginal) 

Well Pad Size (Pieces of equipment) Small (1-2) Medium (3-5) large (6+) 

All possible combinations of these criteria would give rise to 24 distinct categories. However, across all of 

sites visited in the regional field campaigns, only one "large" oil site producing <2 BOE/d and no 

nonmarginal gas sites with fewer than 3 pieces of equipment were visited. For purposes of subsequent 

data analyses and representation of results, these categories were combined with adjacent categories 

relative to the size criterion. Figure 6 summarizes the breakdown of field site populations for the resulting 

22 site categories and related figures on the frequency of emissions detections and measurements. 

4.3 National and Regional Methane Emissions Estimates 

For comparative purposes, state-specific and nationwide estimates of total methane emissions from 
marginal vs. non marginal oil and gas production operations were developed based on published statewide 

well counts and production data in combination with key results of this study, including operator-provided 

activity data from the initial desktop study, the frequency of emissions from key sources, and the 

magnitude of such emissions based on collected measurements. These estimates account for a wide range 

and diversity of field conditions, site characteristics, production and equipment types, operational 

processes, and both permitted and fugitive emission sources observed and documented "as is, where is" 

at the marginal and nonmarginal production sites visited in the regional field campaigns. 

Based on the geographic extent and range of sites characteristics reported in the operator data survey 

and judicious design and planning of the regional field campaigns, the sites visited and conditions 
observed in this study are believed to substantially represent the full range of "every day" conditions and 

emissions one can expect to encounter in the course of typica LOAR inspections or other fugitive emissions 

monitoring at most onshore oil and gas production facilities anywhere in the U.S. However, it bears 
emphasizing that sources of a potentially large fraction of all production-related methane emissions, 

including, in particular, liquids unloading at natural gas wells or other potentially high-emitting episodic 

events, were neither the focus of this study nor encountered at any visited site. Consequently, use of the 

word "total" in this report to describe emissions on a sitewide, statewide, or nationwide basis, should be 
understood to mean "sum" or "aggregate" in the context described above, rather than "all." 
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Figure 6. Field site populations and emission detection/measurement frequency for emissions-based site categories. 
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State-specific well count and production rate data, sorted by production rate category, were obtained 
from a U.S. Energy Information Administration database (EIA, 2020) for all oil and gas producing states 

except Indiana and Illinois. Comparable well counts and production rate distributions for Indiana and 

Illinois were derived from information published by IOGCC (2016) in addition to data for sites in those 

states represented in the operator survey database. For all states, the categorization of sites according to 

"size" (i.e., major equipment count) was primarily based on corresponding distributions of site size 

represented in the operator survey database, as neither the EIA database nor the IOGCC data reflect 

differences in this parameter. This assumption is subject to a high degree of uncertainty, however, as 

some states are not represented in the survey database, and the survey results may not accurately reflect 

the actual distribution of site sizes in some states. The handling of these and other uncertainties in this 

analysis is discussed further below. 

Based on the classification criteria listed on Table 1 and applicable emission factors for the 22 site 

categories delineated in Figure 6, total annual methane emissions were estimated for each oil and gas 

producing state, based on i) the total number of sites in each category times a site count-based emission 

factor and ii) the total oil and gas production from sites in each category times a production-based 

emission factor. The resulting annual emission estimates for each category were summed and averaged, 

as appropriate, to yield statewide, regional, and nationwide total estimates for key site populations of 

interest, including marginal vs. nonmarginal gas wells and marginal vs. nonmarginal oil wells. The 

applicable emission factors used in these calculations are discussed in Section 5.2.2, and the values of 

those emission factors and related ranges of measurement uncertainty are presented on Table 4. An 

additional source of uncertainty evaluated in these calculations arises from the highly skewed distribution 

of measured emission rates (see Figure 7), which form the basis of the applied emission factors, and the 

possibly that a similar or even more highly skewed distribution exists among emissions that were detected 

but not successfully measured in the regional field campaigns. 

The combined effects of the three sources of uncertainty described above were addressed by employing 

a Monte Carlo model to derive reasonable central, lower, and upper estimates for each state- and 

category-specific total emission calculation. The sensitivity of these estimates to a potentially highly 

skewed distribution of detected but unmeasured emissions was assessed by additional simulations. For 

each Monte Carlo simulation, 10,000 iterations were performed, varying a series of uniformly distributed 

random variables considering i) alternate reasonable state-specific assumptions regarding the distribution 

of site sizes, ii) the full range of measurement uncertainty associated with each applicable site category 

emission factor, and iii) alternate assumptions of moderate vs. high skewness in the rates of detected but 

unmeasured emissions in the regional field campaigns. The results of this analysis are presented and 

discussed in Section 5.4. 

5.0 RESULTS AND DISCUSSION 

5.1 Emissions Measurement Results 

In Figure 7, plots of the 498 study-wide measured emission rates exhibit the long-tail behavior commonly 

observed in air emissions studies. In this study, approximately 90% of the observed methane emissions 

were less than 16 scfh (0.25 kg/h, 2.4 TPY) and 95% of the observed methane emissions were less than 38 

scfh (0.60 kg/h, 5.8 TPY). Study wide, the top 10% of emitting sources contributed approximately 90% of 

the total methane emissions observed. 
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Figure 7. Long-tail behavior observed in the study-wide measured emission rates. 
A small number of the emitters contributes a large portion of the emissions. 
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Table 2 summarizes details of the 10 largest emissions measured among 613 emissions detected in the 

studied regions. Notably, four of these are related to general operational conditions, including the largest 

emission of 780 scfh (12 kg/h; 120 TPY) coming from an open top produced water tank, which accounted 

for 12% of study-wide observed methane emissions. Two corresponded to valves left open to allow 

wellhead surface casings to vent, and another to an open hole on the side of a well casing. Another eight 
emissions, ranging in magnitude from 2 to 90 scfh (0.0003 to 1.4 kg/h; 0.003 to 14 TPY) appeared related 

to general operation conditions or human factors rather than leaking or malfunctioning equipment. 
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780 12 118 

499 7.8 76 

3 486 7.6 74 

4 460 7.2 70 

5 442 6.9 67 

6 437 6.9 66 

7 337 5.3 51 

8 258 4.0 39 

9 186 2.9 28 

10 106 1.7 16 

Tank 

Wellhead 

Tank 

Tank 

3-phase 

Separator 

Wellhead 

3-phase 

Separator 

3-phase 

Separator 

Wellhead 

Wellhead 

Table 2. Top 10 Largest Observed Emissions 

Produced 
Operational open top tank 

water tank 
Permian Western US 

Surface casing 

valve 
Permian Western US Operational 

open valve on 

wellhead 

Thief hatch Permian Western US Mechanical 
failing pressurized 

vent 

Thief hatch Permian Western US Mechanical 
failing pressurized 

vent 

Water dump 
Permian Western US Mechanical 

malfunctioning 

valve pneumatic device 

Surface casing 
Permian Western US Operational 

open valve on 

valve wellhead 

Water dump 

valve 
Permian Western US Mechanical 

malfunctioning 

pneumatic valve 

Water dump 
Permian Western US Mechanical 

malfunctioning 

valve pneumatic valve 

Surface casing Appalachian Eastern US Operational 
open hole on side 

of surface casing 

Sucker Rod 
Mechanical 

rod leaking during 
Forest City Eastern US 

Packing pumping 

5.2 Total Emissions by Site 
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Non marginal oil, 1 wellhead, 6 separators, 9 

tanks 

Marginal gas, 1 wellhead, 1 tank 

Marginal oil tank battery, no wellhead, 2 

separators, 1 meter, 4 tanks (2 emissions on 

separate tanks at same site) 

Nonmarginal oil "satellite", no wellhead, 4 

separators, 2 meters, no tanks 

Marginal gas; 1 wellhead, 1 meter, 1 separator, 

1 tank 

Nonmarginal oil "satellite", no wellhead, 3 

separators, 3 meters, 1 compressor, no tanks 

Non marginal oil "satellite", no wellhead, 2 

separators, 2 meters, no tanks 

Marginal gas, 1 wellhead, 1 meter 

Marginal oil, well only 

The precise definition and classification of an oil or natural gas production "site" proved challenging and 
could be subjective. For purposes of this study, the designation of a "site" generally denotes all equipment 

located together at a single contiguous well pad or physical location. During the field campaigns several 

locations were visited where multiple wells sharing a common tank battery were located relatively close 

to one another, but not on the same well pad (e.g., 20 wells spaced hundreds of feet apart over a 100-acre 

area). For purposes of data analysis, such locations were classified and counted separately as "small" sites 

due to a greater similarity of their characteristics with many other well-only sites visited, compared to 

"large" sites, where multiple wells were located on a single well pad. If the flow of production from a 

single wellhead continued offsite to a set of separators or tanks collecting fluid and/or gas from multiple 

wellheads on multiple pads, the pad and separation station sites were considered related, but separate. 

5.2.1 Factors Most Strongly Correlated with Sitewide Methane Emissions 

As noted above and described in detail in Appendix B, exploratory data analyses showed both the 

frequency of detected emissions and magnitude of methane and whole gas emissions among visited field 

sites to be most strongly correlated to the count of major equipment and secondarily correlated with site 

total oil and gas production rate. The correlation between major equipment count and site emission 

frequency (expressed as the number of detected emissions per piece of major equipment, i.e., not 
absolute count of emissions), was strong with the categorical site "size" variable and moderate (positive) 

with the numeric equipment count. 

Among evaluated numeric variables, site equipment count also exhibited the strongest associations with 

both frequency and magnitude of sitewide emissions, exhibiting only a moderate positive correlation with 

detection frequency and weak associations with whole gas and methane emission rates. Weak 

correlations were also consistently detected among both the frequency and magnitude of emissions, total 

oil and gas production, and gas production rates. 
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5.2.2 Production Site Category Emission Profiles 

Emission rates and factors can be considered in different ways, including: i) in absolute terms of the 

volume or mass of emissions per unit time, and ii) normalized relative to the rate of gas or oil produced 

in conjunction with a given emission. The latter of these can be considered a metric of methane intensity. 

In Figures 8 and 9, methane emission profiles in terms of both of these types of emission factor are 

compared among the 22 site categories shown in Figure 6. As described in Section 4.2, each category is 

characterized by a unique combination of production type (gas or oil), site size (in terms of major 

equipment count), and production rate bin. Additional details are presented on Table 4. 

Figure 8 compares average emission factors for the full population of field sites in each category, i.e., all 

visited sites where emissions both were and were not detected. As such, these values account for the 

average frequency of detection as well as the average magnitude of detected emissions among all sites in 

each category. In contrast, Figure 9 shows average emissions among only those sites in each category 

where emissions were detected. The difference in these is analogous to the difference between 

population and "leaker" emissions factors in the EPA's Greenhouse Gas Reporting Program. On both 

charts, error bars reflect the propagation of uncertainty estimates associated with the emission 

measurements taken in this study, where the largest ranges of uncertainty are generally associated with 

downwind measurements of the largest emissions (see Appendix A). 

These results are consistent with findings reported by others. For the Appalachian Basin, this study found 

average emission rates for sites producing less than 2 BOE/d to be 0.18 kg/h (1.7 TPY, 11 scfh) for small 

gas sites, 0.038 kg/h (0.37 TPY, 2.4 scfh) for small oil sites, and 0.075 kg/h (0.72 TPY, 4.8 scfh) overall for 

combined oil and gas sites. For comparison, Deighton et al. (2020) reported average methane emissions 

of 0.128 kg/h (1.24 TPY; 8.16 scfh) from 48 marginal and gas wells in Ohio, all producing less than 1 BOE/d, 

and Riddick et al (2019) report average methane emissions of 0.138 kg/h (1.33 TPY; 8.80 scfh) from 74 

active conventional oil and gas wells in West Virginia. 

5.2.3 Considerations Regarding liquids 
Unloading 

It is important to note that the results of 

this study correspond only to emissions 

observed at the time of each site visit and 

do not include episodic high emission 

events, such as liquids unloading or 

manual liquids removal. This process 

involves removing liquids from a gas 

producing well when a buildup of fluid has 

prevented the flow of gas at the wellhead. 

Although no liquids unloading events 

were observed during the site visits, they 

were reported by the host operators to 

occur at 118 of the 589 visited sites with 

various frequencies, as shown on Table 3. 
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Table 3. Operator-Reported Frequency of Liquids 
Unloading Events at Visited Gas Production Sites. 

As needed 

Annually 

Twice/year 

Once/4 months 

Quarterly 

Once every few months 

Once/2 months 

Monthly 

Twice/month 

Weekly 

Only during maintenance 

unknown 84 

1 8 

2 5 

3 1 

4 1 

5 1 

6 5 

12 6 

24 1 

52 5 

<1 1 
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Table 4. Site Category Population Summary 
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As discussed in Section 4.1.2, during the field campaigns, separators, wellheads, and tanks were by far the 

most common equipment encountered for all types of sites and exhibited the largest volumes of 

emissions. Meters were commonly encountered at natural gas sites with a much lower emission 

frequency, and a small number of compressors was also encountered, with a majority of those exhibiting 

one or more discrete emissions. Table 5 summarizes the types and numbers of all major equipment 
encountered at the visited sites, the frequency of detected emissions and the average magnitude of 

emissions among i) emitting equipment only, representing effective "leaker" emissions in the parlance of 

the EPA Greenhouse Gas Reporting Program, and ii) the full population of observed equipment 

representing effective population emission factors. These results are presented separately for oil vs. 

natural gas sites and for the study as a whole vs. regionally for Eastern and Western US, consistent with 

such breakdowns in the GHGRP, as well as for this study as a whole. 

While not every type of equipment where emissions were ultimately detected (such as combustors and 

glycol heaters) were specifically tallied at every site, Table 5 summarizes the observed emissions at the 

most commonly seen equipment types and the equipment types identified as the largest or more common 

sources of emissions. Note, the high frequency of emissions for certain equipment (e.g., >100% among 3-
phase separators) reflects the rather frequent observation of multiple emissions on a single unit of 

equipment and does not mean that emissions were detected from every observed unit. There were 

occasions where distinct emissions were observed among separate components on the same separator. 

Nine emissions were attributed to yard piping rather than a specific piece of equipment. These ranged 

from 0.22 scfh (0.0035 kg/h, 0.033 TPY) to 19 scfh (0.30 kg/h, 2.9 TPY) from small threaded connectors 

and regulators and were 16 scfh (0.25 kg/h, 2.4 TPY) and 89 scfh (1.4 kg/h, 13 TPY) from an underground 

line and a pipe manifold building, respectively. Equipment-specific exploratory analyses are described in 

detail in Appendix Band summarized as follows. 

• Separator emissions: Emission detection frequency is strongly associated with the number of 

phases (2 or 3) of the separator and site production rates, corresponding to throughput. 

Maximum and operational design pressures exhibited a strong to moderate association with 

emission detection frequencies but not magnitude. 

• Wellhead emissions: Only weak associations were apparent between emission detection 

frequency and evaluated wellhead characteristics. The strongest of these were with host 

operator, basin, well depth (possibly a proxy for wellhead casing pressure), and gas production 

rate. Notably, well type and age did not exhibit significant association with either emission 

frequency or magnitude. 

• Tank emissions: Only weak associations were found between emission detection frequency and 

evaluated tank characteristics. The strongest of these were with the presence of pressurized or 

atmospheric vents, oil production rate, and liquid level. 
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5.4 Relative Magnitude and Extent of O&G Production-Related Methane Emissions 

Figures 10a and 10b summarize the results of Monte Carlo simulations used to estimate state-specific 

annual methane emissions estimates marginal vs. nonmarginal oil and gas production operations. As 

described in Section 4.3, these account for observed and reported regional differences in production types 

and rates, site characteristics including size (i.e., major equipment counts), equipment types, frequency 

and magnitude of emissions and related uncertainties. Sensitivity analyses found that assuming the 

distribution of detected but unmeasured emissions was very highly skewed versus moderately skewed 

would increase all of these estimates by approximately 1%. On each plot in Figures 10a and 10b, the x­

axis represents total estimated methane emissions, in TPY, based on the reported number of wells in each 
state, and the y-axis represents corresponding estimates, based on the reported oil and gas production in 

each state. The 95% confidence interval of each result is less than 2% for marginal production and less 

than 3% for nonmarginal production. 

As shown by the distribution of points around each 1:1 diagonal, estimates by the separate estimates 

generally agree, especially for marginal production. However, for nonmarginal oil production the site 
count-based estimates is notably larger than the production-based estimate for most states. The reason 

for this is not clear; however, it could at least partially be due to an overestimation of "site" counts, 

assumed equal to well counts for nonmarginal categories. Greater scatter exhibited in the results for 

nonmarginal production is likely due to multiple factors. Figure 8 and Table 4 show that applicable 

emission factors for the five nonmarginal site categories exhibit much greater ranges of measurement 

uncertainty than the to 17 marginal site categories. Additionally, nonmarginal production represented 
only a small proportion (~10%) of sites visited in the regional field campaigns, consistent with the focus 

and design of this study; however, these exhibited a much larger range of production rates and major 
equipment counts than marginal production sites and a disproportionate number (~30%) of detected but 

unmeasured emissions, resulting in even greater uncertainty. 

Figures 11 and 12, provide additional perspectives on these results for comparison. As it is impossible to 
know for a given state whether the site count-based or production-based estimate is more accurate or 

reliable, the average of these considered the most reasonable estimates, as represented in the bar charts 

and largest pie charts. Overall, the comprehensive results of this study suggest that i) marginal oil and gas 

production in the United States may account for approximately 1 million (±140,000) TPY of "every day" 

methane emissions, as were observed in the regional field campaigns, ii) marginal gas production accounts 

for an estimated 60% (±10%) of emissions from U.S. natural gas production, and iii) marginal oil production 

accounts for an estimated 40% (±10%) of emissions from U.S. oil production. Table 6 presents additional 

details of these findings. 
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Figure lO(a). Estimated annual methane emissions by state: Marginal and nonmarginal gas production. 
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Figure 11. Estimated overall methane emissions from marginal and nonmarginal gas production. 
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Figure 12. Estimated overall methane emissions from marginal and nonmarginal oil production. 
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Table 6. Relative Estimated Methane Emissions from Marginal and Nonmarginal O&G Production 

Natural Gas Production 

Marginal 420,000 78% 4.6E+8 7% 640,000 ±80,000 0.58 ±0.08 59% ±12% 1.5 ±0.2 1.4 ±0.2 

Nonmarginal 120,000 22% 5.8E+9 93% 450,000 ±170,000 0.41 ±0.16 41% ±12% 3. 7 ±1.4 0.077 ±0.030 

total gas 540,000 100% 6.2E+9 100% 1,090,000 ±260,000 0.99±0.23 100% 2.0±0.5 0.18±0.04 

Oil Production 

Marginal 363,000 80% 3.2E+8 8% 360,000 ±50,000 0.33 ±0.05 37% ±9% 1.0 ±0.1 1.1 ±0.2 

Nonmarginal 88,000 20% 3.9E+9 92% 610,000 ±150,000 0.55 ±0.14 63% ±9% 7.0 ±1.7 0.16 ±0.04 

total oil 451,000 100% 4.2E+9 100% 970,000 ±210,000 0.88 ±0.19 100% 2.2 ±0.5 0.23 ±0.05 

Combined Oil & Gas Production 

Marginal 783,000 79% 7.7E+8 7% 1,000,000 ±140,000 0.91 ±0.13 49% ±11% 1.3 ±0.2 1.3 ±0.2 

Nonmarginal 208,000 21% 9.6E+9 93% 1,060,000 ±320,000 0.96 ±0.29 51% ±11% 5.1 ±1.6 0.11 ±0.03 

total oil & gas 991,000 100% 1.0E+10 100% 2,060,000 ±460,000 1.87 ±0.42 100% 2.1 ±0.5 0.20±0.04 

Figure 13 summarizes the estimated geographic distribution of overall methane emissions from marginal 

oil and gas production across the US. This analysis indicates that the Appalachian Basin produces the 

largest volume of marginal production-related methane emissions from any single geologic basin, with an 

estimated 290,000 TPY coming from Pennsylvania, West Virginia, and Ohio, New York, Maryland, and 

Virginia representing 29% of methane emissions from US marginal oil and gas production. Texas, 
Oklahoma, and New Mexico, which encompass the Permian plus large parts of the Anadarko, San Juan, 

and other basins, together emit an estimated 380,000 TPY of methane (38%). 
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Figure 13. Estimated regional distribution of methane emissions from US marginal oil and gas production. 
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There has been a high level of interest and participation on this project from industry and regulatory 

stakeholders concerned with quantification of methane emissions from marginal oil and gas wells. A 

Technical Advisory Steering Committee (TASC) was established and implemented to provide input and 

feedback on key aspects of the project work scope. The TASC was tiered, with a full committee that 

included representation from industry, regulators, non-government organizations, and academia, and a 
sub-committee comprised of industry representatives only. The industry sub-committee played a major 

role during the initial data assessment and master workplan development. Subsequently, the full TASC 

was engaged to ensure site selection, regional workplans, measurement technologies, and data 
measurement and analysis approaches were adequately addressed to meet stakeholder requirements 

and QA/QC standards. The TASC convened on four occasions as follows: 

• April 2019: Four calls covering identical topics were held to introduce the project, discuss the 

preliminary literature review, planning of the operator data survey, and proposed field strategy. 

• August 2019: Four calls covering identical topics were held to discuss the results and findings of 

the Data Source Status Assessment Report and draft Master Workplan, including site selection 

criteria and procedures for the subsequent field investigations. The research team incorporated 

extensive TASC feedback in preparation of the Regional Field Workplans. 

• March 2020: Two calls covering identical topics were held to discuss preliminary results and 

findings from Field Campaign 1 and plans for Field Campaign 2. 

• September 2021: Two calls covering identical topics were held to discuss preliminary results and 

findings from Field Campaigns 2 and 3 and plans for comprehensive data analyses. 

Recurring engagement and open communication with the TASC provided excellent opportunities for the 

GSI and CSU project team to inform key stakeholders of project plans and findings and for TASC 

participants to increase project efficiency by providing timely feedback on sampling protocols, data 

analysis, interpretation of findings, and review of preliminary draft reports. The researchers gratefully 

acknowledge the interest and participation all TASC members, with special thanks to participants who 

engaged actively with the research team through constructive dialog and discussions and provided 

concrete, unbiased input and feedback. 

6.2 Operator Survey Respondents and Facilitators 

Effective design and planning of the regional field campaigns and the extrapolation of results for 

comparison of nationwide marginal and nonmarginal production-related emissions was largely made 

possible by a wealth of data contributed by respondents to the confidential, data-blinded operator survey 

conducted at the beginning of this project. The research team gratefully acknowledges all respondents 

who took time to complete and return the survey questionnaire in addition to multiple cooperating 

industry organizations throughout the country, who widely disseminated the questionnaire and 

encouraged their membership and others to support this study. 
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Effective planning and execution of the field campaigns and the interpretation of results would not have 

been possible without access to field sites and supplemental activity data graciously and generously 

contributed by 15 host operators. These companies cooperated extensively with the research team under 

binding agreements that ensured protections for the integrity of the project, unbiased selection of field 

sites, host anonymity outside of the project team, and data blinding of company confidential and 

proprietary information, including all identifying information on specific field sites. The researchers 

gratefully acknowledge the assistance of dozens of individuals with these companies, from corporate 
executive, administrative, and EH&S personnel to regional field superintendents, local well pumpers and 

supervisors, whose knowledge, experience, insights, advice, and tremendous cooperation with the project 

team were invaluable. 

6.4 Project Funders 

The project was primarily funded under an assistance agreement with U.S. Department of Energy, Office 
of Fossil Energy, and managed by the National Energy Technology Laboratory (NETL). Supplemental 

funding was provided by the American Petroleum Institute (API), the Michigan Oil and Gas Association, 

the Indiana Oil & Gas Association, the Illinois Oil & Gas Association, the Kansas Independent Oil and Gas 

Association, the University of Texas System-University Lands, and other private contributors. 
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Field measurements to quantify methane and/or VOC emissions at marginal well sites were made using 

both onsite, direct, and downwind measurements. Sources identified onsite during Optical Gas Imaging 
(OGI) surveys were measured directly using a Bacharach Hi-Flow Sampler (Hi-Flow) that was specially 

modified to enable canister samples to be drawn from the inlet flow stream. Canister samples were drawn 
for a subset of Hi-Flow measurements and were analyzed for gas species composition by a third-party lab 

using ASTM D-1945 compliant methods. Canister samples were taken for 249 of 460 Hi-Flow 

measurements to provide insight into typical gas compositions and provide a means for correcting Hi­

Flow sensor response variation due to gas composition changes from calibration gas. Multiple samples 

were not drawn for measurements with a common (or similar) source or if the gas composition did not 

change at the facility. Instead, the first sample drawn was considered representative. For example, 

multiple emissions on a common gas feed would use the same gas composition sample for correction. 
Multiple samples were taken when the gas composition was expected to differ significantly. For example, 

an emission on a wellhead and a tank would require two samples. 

Figure Al: Direct, onsite measurements were performed with a Bacharach Hi-Flow sampler that was specially modified to allow 
canister samples to be drawn from its inlet. 

Downwind measurements were made using OTM33A or dual tracer flux methods with the CSU mobile 

laboratory. The mobile laboratory was equipped with a 3-D sonic anemometer, GPS, laser range finder, 

Aerodyne Research Inc QC-TLDS, Picarro G-2210i, and Licor 850 trace gas analyzers. 
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Figure A2: The CSU mobile laboratory was used to make downwind measurements using both OTM33A and dual tracer flux 
methods. The lab is equipped with trace-gas analyzers targeting methane, nitrous oxide, acetylene, carbon dioxide, and water 

vapor, and supporting instrumentation to collect weather and positioning data. 

Onsite, Direct Measurements 

Field measurements were made using a Bacharach Hi-Flow Sampler (Hi-Flow) which was specially 

modified for canister sampling. The Hi-Flow is currently the only known (commercially available) 

instrument for making total capture, direct emission rate quantifications of identified emission sources. 

The device draws in the total emission being sampled entrained in high volume of air and measures the 

total flow and the gas concentration. An emission rate is calculated from these measurements. The device 
is typically calibrated on methane at both low (2.5% CH4 by volume) and high (99.99% CH4 by volume) 

concentrations. The Hi-Flow does not measure methane directly; it measures whole gas response relative 

to the calibration gas and is sensitive to other hydrocarbon species. Therefore, corrections needed to be 

made to individual measurements based on the specific gas composition encountered during that 
measurement. Hi-Flow measurement parameters were recorded for each measurement including 

nominal flow setpoint (25%, 50%, 75%, or 100%), "Flow LPM", "Leak%" and "Leak LPM". The gas sensor 
within the Hi-Flow operates in one of two modes: catalytic oxidation (CatOx) or thermal conductivity 

(TCD). The transition between these two modes happens when the leak % reaches 5% (nominally) but 

can vary slightly based on calibration and sensor condition. 

The subset of measurements where lab samples were taken directly were compared to the Leak % 

reported by the Hi-Flow during measurement, as shown in Figure A3. The was done by computing a "Lab 
Canister Leak%" by partitioning the lab results into "whole gas" and "air" and calculating the whole gas 

percent of the mixture. "Air" was made of nitrogen, oxygen, and a proportional amount of carbon dioxide 
based on a 400-ppm atmospheric mixing ratio. The remaining carbon dioxide and hydrocarbon species 

were considered "whole gas" from the emission source and used to calculate a "Lab Canister Leak%." 
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Figure A3: Hi-Flow indicated leak% vs calculated lab canister leak% results. Linear scale plot on left, log-log scale plot on right. 
The high flow overpredicted leak % relative to lab results for lower concentrations {CatOx mode) and under predicted leak % 
relative to lab results at higher concentrations {TCD mode). No clear relation was evident in the transition zone between the two 
modes. 

Results shown in Figure A3 indicate that Hi-Flow and canister results follow similar trends but disagree at 

both low and high concentrations. This comparison also illustrates that no clear relationship can be 
established in the "transition zone", defined here as Hi-Flow indicated "Leak%" between 3 % and 6 %. As 

a first step in understanding this apparent discrepancy, gas speciation from lab canister analyses were 

used to compute expected relative responses of the instrument in both CatOx and TCD modes based on 

sensor response characteristics reported in data sheets. These did not improve agreement between Lab 

Canister Leak % and Hi-Flow Leak% substantially, and only changed Hi-Flow Leak% values slightly. This 

suggests that some other factor (or, more likely, combination of factors) influence the Leak % results 

reported by the Hi-Flow. Transition mode points were not considered during these comparisons. 

Next, Hi-Flow Leak % and Lab Canister Leak % were compared considering the inaccuracies in each 

measurement method. The Hi-Flow manual states that the overall reported leak rate uncertainty is+/- 10 

% of the reported value, the flow measurement is+/- 5 % of the reported value and the gas concentration 

measurement is the greater of 0.02 % or 5 % of the measured value. Tests in our own laboratory indicate 

that the flow measurements were+/- 5-6 % of the reported value using a calibrated laminar flow element. 

The uncertainty for Lab Canister Leak % uncertainty was calculated by propagating repeatability limits 

indicated for each species measurement in each sample through the calculation used to derive the Lab 
Canister Leak %. For the sake of comparison both Hi-Flow and lab were considered a 95% (1.96 sigma) 

uncertainty. The results were compared using a variance-weighted, least-squares (VWLS) regression for 

each mode, as shown in Figure A4. This comparison considers the uncertainty in each method, for each 

data point. Further, a bootstrap of the VWLS fit was performed by randomly varying the values of each 

point in accordance with its individual uncertainty and then re-performing the VWLS fit 1000 times. This 

provides a confidence interval on the fit and indicates the likelihood of bias at a given confidence level. 
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Figure A4: VWLS regressions for Hi-Flow Leak% vs Lab Canister Leak% in both CatOx (left) and TCD (right) modes. Results indicate 
a bias in each of the modes. In CatOx mode, Hi-Flow Leak% is 11% high, in aggregate, relative Lab Canister Leak% results. In TCD 
mode, Hi-Flow Leak% is 44% low, in aggregate, relative Lab Canister Leak% results. 

For CatOx mode, the VWlS comparison indicated that Hi-Flow leak% reported values were biased 11% 
high relative to lab Canister leak% results. The parity line was not included in the 95% confidence interval 

range of the bootstrap fits, indicating that the results are likely biased. An analogous procedure was 
performed for TCD mode measurements which indicate that Hi-Flow TCD measurements were biased 44% 

low relative to lab results. The confidence interval on the VWlS fit also did not include the parity line 

indicating that the results are biased 44% low at the 95% confidence level. 

To correct for errors introduced by sampling gas composition differing from calibration, and establish an 

uncertainty estimate for each individual measurement (specific to the dataset acquired in this study), the 

following approach was used. First, to account for the bias relative to the lab Canister leak% results, all 
CatOx and TCD leak% measurements were transformed using the VWlS best-fit equation to bring them 

into parity with lab Canister leak% results. Next, an empirical uncertainty was derived for each Hi-Flow 

measurement emission rate in a Monte Carlo model which considered the residuals from the VWlS fit 

(specific for each mode), the sensor uncertainty, and the flow uncertainty. For each measurement 10,000 

Monte Carlo iterations were performed to provide a range of possible results for each measurement and 
provide a central, lower, and upper estimate. In each iteration of the model, Hi-Flow measurements falling 

in the transition zone were discarded and then randomly assigned a value from lab Canister leak % 

observations within the transition zone. 

Most Hi-Flow measurements of a single emission source were replicated twice, each at a different Flow 

lPM. However, some measurements had only one replicate and some had several. For some emission 
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points, several individual Hi-Flow measurements needed to be summed to quantify the emission entirely. 
Bias-corrected individual measurements (with uncertainty from the Monte Carlo model) were combined 

(replicates averaged and/or summed) using appropriate logic and quadrature rules for the individual case 

to result in a final emission rate with uncertainty. 

Downwind Measurements 

Downwind measurements were made using both OTM33A and dual tracer flux methods. OTM33A was 

used for all but one downwind measurement, which employed dual tracer flux. Tracer flux application 

was limited by the availability of downwind roads transecting plumes, and often the presence of closely 

grouped, confounding sources. Additionally, OTM33A measurements can be performed in a shorter time 
(20 minutes to 1 hour) compared to dual tracer flux (2-3 hours) which aligned well with the goal of 

maximizing the number of facilities screened each day. OTM33A measurements were offsite, onsite, or 
on site-access roads not suitable for transecting emission plumes from the facility. The fact that OTM33A 

measurements are made while the vehicle is stationary makes measurements from adjacent open terrain 

possible, where transects would not be feasible. Most OTM33A measurements made were of a single 

sources or closely spaced group of sources which had previously been identified during an OGI survey and 

could be isolated from other sources and quantified directly. Both measurement techniques proved useful 

when the presence of hydrogen sulfide (H2S) gas eliminated the possibility of direct measurement. 

Forty-one OTM33A measurements were made, with emission rates ranging from 0.02 to 368 SLPM. 

Downwind measurement distances were most typically between 30 m and 60 m but ranged between 12 

and 250 m. Distances were measured with a laser rangefinder (Nikon ProStaff 3i) at the time of 

measurements and confirmed using satellite imagery (Google Earth) during data processing. 

Measurement periods were typically 20 minutes in length. Time-aligned ethane concentration data 

(Aerodyne QC or Picarro G-2210i) TLDAS instantaneous (1 Hz) wind speed and direction (Gill Windmaster 

or Gill Windsonic) were combined using software based on the EPA OTM33A method as published 1
. Wind 

bin sizes were varied between 6 and 30 degrees for each measurement to account for variation in wind 
speed, direction, and downwind distance in varying atmospheric stability classes. This effort was 

performed manually to minimize residuals to Gaussian fits and ensure that binned data points followed a 

Gaussian profile, as shown in Figure AS. Each OTM33A measurement was assigned an uncertainty of(+/-
30 %) of the measured value based on tests of the method against known releases in previous work 2

-4. 

Final Project Report 

DE-FE0031702 

U.S. Department of Energy 

National Energy Technology Laboratory 

ED_013318_00000015-00042 



GS/ Job No.: 5140-009 

Issued: 28 April 2022 

140 

120 

so 

40 

20 

0 

fit parameters: 
a,,,138.098 .x0,,,186.184 sigrrn,'l=22A71 

•. Jh"'0,?01 •· 
kg/h"'o.ns •• 
•trm"'17J9 •• 

· ·· initiill QW%5 

D residvals 
~❖- data 

•R'""O.SS •• 
•2-norm,,,14-4 •• 

- fltted Gaossi;,r) 

• angle bin size,.HU) 
~~f,_y[~?!~?? .. 

0 

Cl 

50 100 150 200 250 3(J(J 350 

Figure AS: Example OTM33A measurement computation output. 

Wind bin sizes were varied to identify a best fit. 
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One dual tracer flux measurement was made during the field campaign. This measurement was of a tank 

battery with high H2S content. The measurement was ideally sited with unimpeded downwind access and 
an absence of upwind or nearby confounding sources. Ten dual correlation plumes were accepted after 

passing QA/QC criteria outlined in Roscioli et al.5 Measurement uncertainty for this source is reported as 

a 95% confidence interval about the mean based on a bootstrap mean performed on the emission rate 

calculated for each of the ten individual plumes. 
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Statistical Exploratory Data Analyses 

Exploratory data analyses were performed identify and assess the significance of possible correlations 

among: 

i) Key metadata associated with various site, equipment, and operational conditions documented 

in the study field campaigns, such as well/site age, production rate, main product type, equipment 

count, region, and operator). 

ii) The frequency of detected emissions among visited sites and observed equipment. 

iii) The magnitude of qualified methane and/or whole gas emissions measurements. 

All data variables were evaluated as either numeric values or categorical variables. A Spearman's Rank 

Correlation was used to assess correlations between numeric variables, and a Chi-Squared Test or a Fisher 

Test (depending on the sample size of the compared dataset) was used to assess the independence of 
categorical variables. In each case, a p-value 1% was used to reject the null hypothesis that any two 

compared variables are independent. In other words, any test with a p-value less than or equal to 1% 

indicates the compared variables are not independent. 

Factors specific to major equipment types or components were investigated to identify any significant 

correlation to emission detection frequency or measured methane or whole gas emission rates. Emission 

rates were observed and compared based on their causes, identifying where the emitting components 

warranted repair or if operational conditions or practices warranting improvement. 

CORRELATION ANALYSIS METHODS 

Categorical Variables 

Depending on sample size, a Chi-Squared Test or a Fisher was used to assess correlations between key 
categorical variables and i) the frequency of detected emissions and ii) the magnitude of measured 

emissions. Where possible, a Chi-Squared Test was used to determine if two categorical variables were 

independent; however, if the sample size was too small (expected frequency less than 5%) a Fisher Test 

was used. For purposes of these analysis, emissions frequency and magnitude (as numerical variables) 

were converted to categorical variables as follows: 

• 
• 
• 

Low - value<= 25th Percentile 

Medium - value> 25th Percentile and value< 75th Percentile 

High - value>= 75th Percentile 

Categorical variables were similarly established for sitewide equipment counts (a proxy for "site size") and 

sitewide (total) oil and gas production rates using the following bins based on the observed numeric 

distributions of these variables: 

• Small = 1 piece of equipment 

• Medium = 2-3 pieces of equipment 
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• Large = 4-5 pieces of equipment 

• X-Large = 5+ pieces of equipment 

• boe_O = 0 boe/day 

• boe_0-1 = 0-1 boe/day 

• boe_2-4 = 2-4 boe/day 

• boe_ 4-8 = 4-8 boe/day 

• boe_8-16 = 8-16 boe/day 

• boe_32-64 = 32-64 boe/day 

• boe_64-128 = 64-128 boe/day 

• boe_>128 = 128+ boe/day 
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In the tables below, a p-value of less than or equal to 1% for both the Chi-Squared and Fisher tests was 

used to reject the null hypothesis that the compared variables are independent. Related test statistics are 

also shown for the Chi-Squared tests, where the primary test statistic is reflective of the sample size, and 

the adjusted statistic (contingency coefficient) is normalized to range from Oto 1 independent of sample 

size. These adjusted test statistics can be used as a relative indicator of the strength of association 

between compared variables; however, they do not indicate or account for positive vs. negative 

association. For interpretation, the relative strength of association among variables compared using a Chi­

Squared test was considered based on the following scale: 

• Weak: Chi-Squared adjusted statistic between 0.0 - 0.39 

• Moderate: Chi-Squared adjusted statistic between 0.40 - 0.59 

• Strong: Chi-Squared adjusted statistic between 0.6 - 1.0 

Numeric Variables 

A Spearman's Rank Correlation was used to assess correlations between key numeric variables and 

specific numeric values quantifying i) the frequency of detected emissions and ii) the magnitude of 

measured emission for each site or type of evaluated equipment. Spearman's Rank Correlation is a non­

parametric method used to test the hypothesis of no association between population datasets and 

indicates if any significant monotonic relationship (either increasing or decreasing) exists between the 

compared variables. The Spearman rank order coefficient (rho) falls between -1 (perfectly negative 

correlation) and +1 (perfectly positive correlation). In the tables below, a p-value of less than or equal to 

1% for the Spearman's Rank Correlation indicates the compared variables are associated. For 

interpretation, the relative strength of association among variables compared using a Spearman's Rank 

Correlation was considered based on the following scale: 

• Weak: Spearman rho between +/- 0.0 - 0.39 

• Moderate: Spearman rho between+/- 0.40 - 0.59 

• Strong: Spearman rho between +/- 0.6 - 1.0 

SITEWIDE EMISSIONS ANALYSIS 

Exploratory analyses of sitewide emissions separately considered the detection of one or more emissions 

at any type of equipment, the frequency of emissions expressed as the number of detected emissions 
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divided by the total pieces of equipment at a site, and the total magnitude of methane and whole gas 
emissions at all sites where 100% of detected emissions were successfully quantified. 

Variables included in the exploratory analysis of sitewide emissions were: 

• Primary product - gas or oil 

• Gas production rate, boe/d 

• Oil production rate, boe/d 

• Total O&G production, boe/d 

• Total O&G production (categorical) 

• Major equipment count (numeric) 

• Major equipment count/Site "size" (categorical, e.g., small, medium, large) 

• Gas production frequency 

• Oil production frequency 

• Routine emissions monitoring frequency 

• Host operator 

• Basin 

• Eastern or Western US 

• Age of the well or site 

Table B.1 summarizes the site variables on which sitewide emissions frequency and/or magnitude were 

determined to be dependent. Site emission frequency is most strongly correlated to major equipment 

count, especially as a categorical variable (described above) and moderately positive with the numeric 

value. Site equipment count also exhibited the strongest associations among evaluated numerical 

variables with both frequency and magnitude of emissions, yet with only a moderate positive correlation 

with detection frequency and weak associations with whole gas and methane emission rates. Weak 

correlations were also consistently detected among both the frequency and magnitude of emissions, total 

oil and gas production, and gas production rates. 

Weak associations were also noted with either detection frequency or magnitude and host operator or 

region; however, no such associations were noted consistently with both frequency and magnitude, as 

were major equipment counts and total oil and gas production. Moreover, any apparent association with 

host operator could be due to the large range in the number of sites visited with each operator, ranging 

from 3 (including, 100% of one operator's wells) to over 100 across several of the regions. This was not 

further evaluated due to the strength of other more likely significant correlations. 
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Gas production rate 

Total O&G production 

Basin 

Eastern or Western US 

Emissions monitoring 
frequency 

Major equipment 

Host Operator 

Major equipment 

count 

Gas production rate 

Total O&G production 

Host Operator 

Eastern or Western US 
Major equipment 
count 

Gas production rate 

Total O&G production 

Table 8.1 Summary of Site Variables Associated with 
Sitewide Emissions Detection Frequency and Magnitude 

Spearman 8.06e-03 

Fisher, 
1.00e-03 1.09e-04 

Spearman 

Chi-Squared 2.91e-13 0.414 
Chi-Squared 8.94e-05 0.248 

Fisher 5.00e-04 

Chi-Squared, 
1.38e-46 0.648 2.14e-27 

Fisher 0.0005 

Fisher, 
0.0005 8.43e-09 

Spearman 

Spearman 3.83e-04 

Spearman 9.85e-03 

Fisher 0.01000 

Chi-Squared 0.00544 0.312 

Fisher, 
0.00100 8.28e-07 

Spearman 

Spearman 1.29e-03 

Spearman 5.54e-04 
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0.112 weak 

0.163 
weak 

moderate 

weak 

strong (cat.), 
0.42600 

0.3900 
weak 

0.2530 weak 

0.1850 weak 

weak 

0.3370 
weak 

0.2300 weak 

0.2460 weak 

EQUIPMENT EMISSIONS ANALYSIS 

Exploratory analyses of equipment-specific emissions focused exclusively on the three most frequently 

encountered, most frequently emitting, and largest emitting types of equipment: tanks, separators, and 

wellheads. Factors considered for all three types of equipment type included host operator, site 

production status (active, inactive, shut-in, etc.), basin/region, primary product, oil and gas production 

rates, and production frequency. Other factors were specific to the equipment characteristics. Tank 

emissions were evaluated against the quantity of hatches and vents, whether tank vents were 

atmospheric or pressurized, the fluid level of the tank while onsite (fullness). Wellhead emissions were 

evaluated against variables such as the presence of casing vents, well age, well depth (where pressure of 

the production formation could relate to casing head pressure), artificial lift type, and whether the well 
was producing brine. Separator emissions were evaluated against variables such as separator age, the 

number of phases it was designed to separate, maximum design pressure, and operational pressure. 
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Equipment were first evaluated against all available data to explore factors relating to whether an 
emission was either detected or not detected at a piece of equipment, then variables associated with the 

occurrence of detections were further analyzed relative to the frequency of and magnitude of emissions 

among the respective equipment types. Table B.2 displays the variables which were determined to be 

dependent based on tests based on equipment type. Key findings of the equipment-specific exploratory 

analysis are as follows: 

• Separator emissions: Emission detection frequency appears to be strongly associated with the 

number of phases (2 or 3) of the separator and site production rates, corresponding to 

throughput. Maximum design pressures exhibited a strong statistical association with emission 

detections, however operational pressure had a moderate association. Although the adjusted Chi­

Squared statistic indicates even stronger correlation the site basin, this is most likely due to the 

prevalence and near uniqueness of encountering only 3-phase vs. 2-phase separators in some of 

the basis. 

• Wellhead emissions: Only weak associations were apparent between emission detection 

frequency and evaluated wellhead characteristics. The strongest of these were with host 

operator, basin, well depth (potentially a proxy for wellhead casing pressure), and gas production 

rate. 

• Tank emissions: Only weak associations were found between emission detection frequency and 

evaluated tank characteristics. The strongest of these were with the presence of pressurized or 

atmospheric vents, oil production rate, and liquid level. 

Table 8.2: Correlations determined through Fisher and Chi-Squared tests for equipment types. 

Host Operator 

Basin 

Eastern or Western US 

Monitoring Frequency 

Active/Inactive 

Primary Product 

Frequency of Oil Production 

Average Oil Production Rate 

Average Gas Production Rate 

Sitewide Production Rate 

Max Pressure 

Operational Pressure 

Equipment Age 

Separator Phases 

Host Operator 

Basin 

Well Age (Years) 

Well Depth (Ft) 

Monitoring Frequency 

Average Gas Production Rate 

Sitewide Production Rate 

Fino/ Project Report 

DE-FE0031702 

Fisher 

Chi-Squared 

Chi-Squared 

Fisher 

Chi-Squared 

Chi-Squared 

Chi-Squared 

Chi-Squared 

Chi-Squared 

Chi-Squared 

Chi-Squared 

Chi-Squared 

Chi-Squared 

Fisher 
Chi-Squared 

Chi-Squared 

Chi-Squared 

Fisher 

Chi-Squared 

Chi-Squared 

M=IM 

5.00e-04 

3.63e-53 0.749 

5.28e-16 0.434 

5.00e-04 

9.84e-04 0.216 

9.02e-13 0.387 
7.49e-04 0.231 

1.04e-13 0.44 

1.0Se-13 0.439 

9.36e-12 0.408 

1.71e-31 0.677 

2.71e-14 0.504 

2.07e-03 0.22 

8.97e-15 0.432 

5.00e-04 

8.39e-05 0.267 

6.42e-03 0.227 

7.07e-04 0.268 

7.00e-03 

1.13e-04 0.235 

8.36e-03 0.172 
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Host Operator 

Basin 

Oil Production Frequency 

Average Oil Production Rate 

Average Gas Production Rate 

Sitewide Production Rate 

Tank Fullness 

Primary Product 

Quantity of Hatches 

GSI 
ENVIRONMENTAL 

Fisher 5.00e-04 

Chi-Squared 2.47e-03 0.201 

Chi-Squared 1.lOe-03 0.197 
Chi-Squared 3.95e-07 0.275 

Chi-Squared 2.23e-03 0.179 

Chi-Squared 4.lOe-04 0.202 

Chi-Squared 6.32e-04 0.22 

Chi-Squared 6.86e-04 0.173 

Fisher 5.00e-04 

Pressurized or Atmospheric Vents Chi-Squared 1.52e-09 0.325 

Well Depth 

Eastern or Western US 

Basin 

Monitoring Frequency 

Oil Vs. Gas 

Host Operator 

Basin 

Monitoring Frequency 

Operational Pressure 

Oil Vs. Gas 

Host Operator 

Basin 

Oil Production 

Sitewide BOE/d 

Table B.3: Correlations determined through Fisher, 
Chi-Squared, and Spearman tests for equipment types. 

Adjusted 

Spearman 

Chi-Squared 0.00142 0.54 

Fisher 0.0025 

Fisher 0.0035 

Fisher 0.0005 

Fisher 0.0005 

Fisher 0.0005 

Fisher 0.0005 

Spearman 

Fisher 0.0005 

Fisher 0.0005 

Fisher 0.0005 

Spearman 

0.00956 

0.0086 

0.00106 

Spearman 0.000056 

0.3820 

-0.2050 

0.332 

0.399 

Among evaluated numeric variables, site equipment count also exhibited the strongest associations with 

both frequency and magnitude of sitewide emissions, exhibiting only a moderate positive correlation with 

detection frequency and weak associations with whole gas and methane emission rates. Weak 

correlations were also consistently detected among both the frequency and magnitude of emissions, total 

oil and gas production, and gas production rates. Figures Bl through B4 illustrate that these correlations 

are apparent among the data for total sitewide emissions for both gas sites and oil sites, respectively. 
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Figure 81. Magnitude and frequency of methane emissions compared to equipment counts at natural gas sites. 
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Figure 83. Magnitude and frequency of methane emissions compared to equipment counts at oil sites. 
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Figure B4. Magnitude and frequency of methane emissions compared to production rates at oil sites. 
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